Laboratory experiments were conducted to examine how the bivalve Trapezium liratum, originating from a population in the Ariake Sea, responds to decreases in salinity in cold and warm waters. After the ambient salinity had been decreased from ≈34 psu to 0-27 psu, 90 to 96% of the specimens survived for >120 h at both 12 and 24°C. When the ambient salinity was decreased to <5 psu the specimens continued to close their valves for 140 h at both temperatures. The percentages of specimens closing their valves, together with clearance and respiration rates, were in general lower for specimens with the ambient salinity more sharply decreased, regardless of water temperature. These results suggest that T. liratum can tolerate a rapid decrease in salinity by closing their valves to decrease water intake.
Introduction
Salinity is one of major environmental factors determining the physiology and behavior of marine animals (Kinne 1966 , Belanger et al. 2012 . A change in environmental salinity leads to a gradient in the osmotic pressure between the environment and tissue cell, which is stressful for marine animals. In shallow seas, salinity changes because of various factors (e.g., tidal currents, terrestrial runoff, and rain). Such changes often result in the mortality of diverse animals (e.g., Kinne 1966 , Gillanders & Kingsford 2002 . The influence of salinity changes on the survival of various animals has been widely studied (Newell 1976) .
The animals studied include many bivalve species: Atrina maura (Sowerby, 1835) (Leyva-Valencia et al. 2001) , Austrovenus stutchburyi (W. Wood, 1828) (Marsden 2004) , Nodipecten nodosus (L., 1758) (Rupp & Parsons 2004) , Corbula gibba (Olivi) (Holmes & Miller 2006) , Ruditapes philippinarum (Adams & Reeve, 1850) (Matsuda et al. 2008) , Paphies australis (Gmelin, 1791) (McLeod & Wing 2008) , Macoma balthica (L., 1758) (Jansen et al. 2009 ), Mytella charruana (d Orbigny, 1842) (Yuan et al. 2010) , Atrina lischkeana (Clessin, 1891) (Yamamoto & Handa 2011) , etc. Some of these bivalves are reported to tolerate sharp decreases in salinity. For example, C. gibba, A. stutchburyi, P. australis, and M. charruana survived >4 days after the ambient water had been replaced with freshwater (Holmes & Miller 2006 , McLeod & Wing 2008 , Yuan et al. 2010 .
To tolerate decreases in salinity, these bivalves can adopt at least two strategies: i) decreasing the osmotic pressure in tissue cells in accordance with the decreased osmotic pressure of the environmental water and extracellular fluid; and ii) closing their valves to prevent lowsalinity water from flowing into the tissue cells (Gilles 1972 , Bayne et al. 1976 , Shumway et al. 1977 . The first strategy has been quantitatively studied in many bivalve species (Allen 1961 , Gilles 1972 , Shumway et al. 1977 , Livingstone et al. 1979 , Kraeuter & Castagna 2001 , Kube et al. 2007 ). These bivalves were found to reduce the osmotic pressure in the cells by excreting osmolites (free amino acid, mainly), which led to the maintenance of cell volume and function (Bayne et al. 1976 , Shumway et al. 1977 , Gosling 2003 . Meanwhile, there are fewer quantitative studies (Pierce 1971) on the second strategy, valve closure. Continuous valve closure would involve the stopping of water pumping, and thus, food intake and oxygen uptake are ceased (Anestis et al. 2007) . Hence, after a decrease in salinity, bivalves may occasionally open their valves to acquire food and oxygen. It is not fully understood how bivalves change their valve opening behavior, food intake, and oxygen uptake after salinity decreases.
To date, no study has been conducted on the tolerance of the bivalve Trapezium liratum to decreases in salinity (Reeve, 1843) . T. liratum inhabits the intertidal and shallow subtidal zones of inner bays and brackish lakes in Japan. Some local populations are likely to undergo great temporal fluctuations in salinity (Table 1) . The population in the Ariake Sea experiences decreases in salinity from >25 psu to <5 psu within a day owing to rain (Fisheries Research Agency & Saga University 2012). T. liratum is important as a potential target of Japanese aquaculture (Kiyokawa 2013) and as an invasive species in North America (Carlton 1992) . Therefore, its tolerance to decreased salinity is an important consideration when preparing optimal salinity conditions for aquaculture and forecasting range expansion; see Miller et al. (2007) for the relationship between the salinity tolerance of invasive species and their range expansion.
The aims of the present study were to quantify two traits in the bivalve T. liratum: i) how long this species survives after decreases in salinity; and ii) how its behavioral responses (valve closure, clearance rate, respiration rate) change according to decreased salinity. These two traits were investigated in warm and cold waters, within the temperature range of the T. liratum habitat, taking into consideration the temperature dependence of responses in most bivalve species (Kraeuter & Castagna 2001 , Gosling 2003 . In addition, it was examined whether the survival pattern of T. liratum changes when environmental salinity either gradually or rapidly decreased. T. liratum exposed to rapid decreases in salinity might show a higher mortality, considering that some bivalves exposed to rapid changes in salinity cannot quickly adjust to the osmotic pressure changes (Shumway et al. 1977) and are likely to be more stressed.
Materials and Methods

Materials
Trapezium liratum with a mean±SD shell length of 30.0±2.89 mm were collected from an intertidal cobbled shore at Muta (32°57′26″N, 130°12′30″E), Ariake Sea, Japan on February 11, 2015. The salinity near this habitat fluctuates between 1 and 20 psu in the rainy season (June and July) and between 20 and 31 psu in other seasons (Fisheries Research Agency & Saga University 2012). It occasionally decreases from >25 psu to <5 psu within a day. The water temperature varies from 1.1°C (February) to 35.4°C (August). The experimental specimens were brought to the laboratory at the Seikai National Fisheries Research Institute (32°48′41″N, 129°46′24″E) . The specimens were kept in running seawater that had been sandfiltered. During the present study, the water temperature ranged from 13.3°C (February) to 24.7°C (June), and the salinity from 33 and 34 psu. The acclimation salinity was slightly higher than the salinity at the specimens habitat (Table 1) , because the laboratory draws seawater from the The hyposaline water to which experimental specimens were to be exposed was prepared by mixing distilled water at a predetermined dilution with the 100% seawater. The 100% seawater was what the specimens in the laboratory were being acclimated to. The salinity (psu) of the 100% seawater varied between experimental days owing to the conditions of the sea near the water intake. As a result, the salinity (psu) varied among replications of the same dilution. Considering the irregular variations of salinity, the salinity (psu) attained for each replication was measured with a salinometer EC300 (YSI Co.). The measurements for every experiment were regarded as an explanatory variable of the ratio scale (Zar 1999) .
Survival experiments
Trapezium liratum were exposed to various levels of salinity decrease at 12 and 24°C. Salinity was either gradually or rapidly decreased (hereafter called gradualsalinity-decrease run and rapid-salinity-decrease run , respectively). Each specimen was put into a different cup with a different salinity and temperature combination to prevent the density effect that would vary if multiple specimens are put in the same cup and some of them die.
The gradual-salinity-decrease run was conducted in February 2015. Twenty-four specimens were allocated to a combination of 12 dilutions two temperatures. The dilutions were of twelve levels: 100, 80, 60, 55, 50, 45, 40, 35, 30, 20, 10 , and 0% of the initial salinity to which the specimens had been acclimated. The salinities realized (psu) were measured and analyzed as an explanatory variable in the present study.
Before the start of the gradual-salinity-decrease run, 24 experimental cups (radius: 60 mm, height: 147 mm) had been prepared, which contained 800 mL non-diluted, 0.2-µm filtered seawater. Half of the total number of cups were put in a water bath at 12°C, and the other half in another bath at 24°C. One experimental specimen was put into each cup at the start of this run. Subsequently, the water in each cup (except for the two cups predetermined to contain 100% seawater) was in part exchanged with distilled water at the same temperature to dilute the salinity in a stepwise manner: first, from 100% to 80% seawater; second, from 80% to 60%; third, from 60% to 55%; fourth, from 55% to 50%; etc. The dilution of water in a cup was stopped when the salinity in the cup attained the predetermined level. Transition from one dilution to the next took an hour. Therefore, a cup determined to attain a lower salinity needed a longer time before attaining its determined level. The gradual-salinity-decrease run lasted 120 h, and the water in each cup was replaced with new water of the same temperature and salinity every day.
At the end of the gradual-salinity-decrease run, the survival of each specimen was determined. The specimens that extended a part of their soft tissue, mainly the siphon, out of the valves were regarded as living. The other specimens with their valves open were stimulated with a glass rod, and those moving their valves were also regarded as living. For the remaining specimens, determination of their survival was difficult. Hence, in a post-experiment check these specimens were transferred to cups containing 100% seawater with Isochrysis sp. and were kept for 35 h. Their survival or death was determined based on whether they showed a visible response (i.e., excretion, valve movement, or extension of soft tissue).
The rapid-salinity-decrease run was conducted in April 2015 in a similar manner to the gradual-salinity-decrease run, but all specimens were exposed to rapid, sharp decreases of salinity from 100% seawater to <40% seawater. In the rapid-salinity-decrease run, 10 specimens were allocated to the combinations of five dilutions (40, 30, 20, 10 , and 0% seawater) two temperatures (12 and 24°C). These specimens were transferred directly to the water treatments from tanks containing 100% seawater at the same temperatures. The rapid-salinity-decrease run lasted 140 h, and the survival of specimens was determined in the same manner as in the gradual-salinity-decrease run.
Measurement of clearance rate
Clearance rate was measured in April 2015 for six combinations of three dilutions (40, 70, and 100% seawater) two temperatures (12 and 24°C). For each combination, five treatment cups containing Trapezium liratum specimens were prepared together with a control cup containing no specimen (36 cups in total). A day before the start of the dilutions, each cup had contained 1-L 100% seawater of a predetermined temperature, and each treatment cup additionally had held three specimens. The seawater in each cup was then exchanged with water of a predetermined dilution and temperature. About 2 h later, living Isochrysis sp. was placed in each cup, with a cell density of 90,000 cells mL
. Furthermore, ≈1 and ≈4 h later, chlorophyll a levels were measured in each cup using a fluorometer, AquaFluor (Turner Designs Co.).
Uncalibrated clearance rates (C u ; mL min
) were calculated for each cup as in Coughlan (1969) :
where V denotes the volume of water (1000 mL); D 1 and D 2 are the chlorophyll a levels measured at ≈1 and ≈4 h, respectively, after the feeding; and T is the time (min) between the measurements. Calibrated clearance rates (C c ; mL min −1
) were calculated for each treatment cup using the following equation:
where C ut and C uc denote the uncalibrated clearance rates of a treatment cup and the corresponding control cup, re-spectively. C c in a treatment cup was further divided by the total dry flesh weight of three specimens in the focal treatment cup to determine weight-calibrated clearance rate (C w ; mL min
). The dry flesh weight of a specimen was estimated from the measurement of its shell length and an allometry estimated on August 2015: dry flesh weight=exp(−4.51+0.081 * shell length); p=6.34·10 −7 , n=33, r 2 adjusted =0.481. C w was analyzed by a multiple linear regression with the explanatory variables being salinity, water temperature, and their interaction. The function lm in R 3.2.0. was used. C w is hereafter called clearance rate for convenience.
Observations of valve opening behavior
Snapshot and sequential observations were made for valve opening behaviors of Trapezium liratum. The snapshot observation was performed for a part of the specimens used in the foregoing measurements of clearance rate. One or two specimens were arbitrarily chosen (19 specimens in total) for each treatment cup that covered all combinations of dilutions and temperatures. The reason for performing such partial sampling is that several specimens in the same cup overlapped each other, making it difficult to observe some specimens without moving other specimens (moving a specimen leads to its valve closure). The specimens sampled were considered to be random samples that possessed the characteristics of the original experimental specimens with no bias. These specimens were checked for valve openings 1 h after the seawater in each cup had been exchanged with treated water. Whether the two valves had an interstice was scrutinized using an odontoscope. Sequential observations were made intermittently during the rapid-salinity-decrease run of the foregoing survival experiment (29 times in total) with the same method as the snapshot observation.
The percentage of the valves that had an interstice ( valve opening percentage , hereafter) was calculated for both observations. Valve opening percentages were calculated for each experimental cup in the snapshot observation as (the number of specimens opening their valves)/(the total number of specimens observed) and for each specimen in the sequential observation as (the number of observations with the specimens opening their valves)/(the total number of observations of the specimens observed). For the sequential observations, data taken >100 h after the start were excluded. This is because a specimen continued to close the valves >100 h after the start of this observation and was found to have died in the post-experiment check (see Results); and thus the data set of the sequential observations >100 h after the start possibly include data of dead specimens.
In the snapshot observations, the valve opening percentage was analyzed with a generalized linear mixed model (GLMM; Dobson & Barnett 2008) . The percentage was assumed to follow a binomial distribution, and the link function was logit. The explanatory variables were salinity, water temperature, and their interaction. The random effect was assumed to vary among the cups. Significance probabilities were calculated with an F test, because an underdispersion was found. A GLMM was performed with the package glmmML ver 1.0 in R 3.2.0 (R Core Team 2015). For the sequential observations, the valve opening percentage was analyzed, using a multiple linear regression with the arcsine transformation (Zar 1999 ); GLMM was not used, because the parameters in GLMM did not properly converge. The explanatory variables were again salinity, water temperature, and their interaction. The multiple linear regression was performed with the function lm in R 3.2.0.
Measurement of respiration rate
Respiration rate was measured in June 2015 for the six combinations of three dilutions (40, 70, and 100% seawater) two temperatures (12 and 24°C). Three specimens were replicated for each combination (18 specimens in total). A hermetic container (radius of bottom: 38 mm, radius of upper face: 45 mm, height: 119 mm) was used in a bath which regulated temperature. The container held a dissolved oxygen sensor (HQ30d; Hach Co.), mesh bag (opening: 5 mm), and stirrer (radius length: 4 40 mm). The container contained water with a predetermined dilution and temperature. Each specimen was transferred into the mesh bag in the container from tanks containing 100% seawater of the same temperatures (12 or 24°C). The air inside the container was expelled, and the container was shut with the stirrer rotating. About 10 and 70 min later the dissolved oxygen (mg O 2 L −1 ) was measured. The dissolved oxygen in the container was sufficient for the specimens respiration (mean±SD values measured 10 and 70 min later: 9.5±0.71 and 9.2±0.9 mg O 2 L −1 , respectively). Dissolved oxygen was also measured in the container with no specimen as a control. After each measurement the volume of water was measured (mean±SD: 468±9.0 mL), considering the variation due to volume differences among specimens.
The respiration rate (R; mg O 2 min
) of a specimen was calculated as: ), respectively, for the specimen; C 1 and C 2 are the 1st and 2nd measurements of dissolved oxygen (mg O 2 L −1 ), respectively, for the control; W is the dry flesh weight (g) estimated from the shell length of the specimen; and T is the time (min) between the 1st and 2nd measurements. The respiration rate was analyzed, performing a multiple linear regression with explanatory variables being salinity, water temperature, and their interaction. Because the interaction was significant, separate linear regressions were performed for each temperature (Underwood 1997) to examine the significance of the salinity effect. The func-tion lm in R 3.2.0. was used.
Results
Survival after decreases in salinity
The survival rate of Trapezium liratum was high in both the gradual-salinity-decrease run (96%; Fig. 1 ) and rapidsalinity-decrease run (90%; Fig. 2) . In each run died only one specimen, which had been exposed to ≈7 psu water at 24°C. Of the other specimens, those exposed to low salinities (<11 psu for the gradual-salinity-decrease run and <15 psu for the rapid-salinity-decrease run) closed their valves just after the end of each run and were found to be alive in the post-experiment check. In both runs specimens survived even in freshwater.
Behavioral responses to decreased salinity
All the valve opening percentages, clearance rates and respiration rates were generally lower for specimens exposed to lower salinities, as follows.
Valve opening percentages for lower salinities were either similar to or lower than the percentages for higher salinities. In the snapshot observations the percentage was somewhat lower for salinities <20 psu, significantly correlated with salinity in the GLMM (Fig. 3) : deviance=0.927, df=1, p=0.336 for salinity-temperature interaction; deviance=3.99, df=1, p=0.0457 for salinity effect. In addition, it was also slightly lower at 12°C than at 24°C: deviance=3.69, df=1, p=0.0547. In the sequential observations, valve opening percentage was lower at the lower salinities at 24°C (Fig. 4) : it approximated 23% for 13.9 and 11.1 psu; 12% for 7.4 psu; and 0% for 4.3 and 0.0 psu. The valve opening percentage was 0% for all salinities (14.1 to 0.0 psu) at 12°C (Fig. 4) . Such temperature dependence in the effect of salinity was reflected in a significant interaction between salinity and temperature: F=(SS 1 /df 1 )/ (SS 2 /df 2 )=(0.112/1)/(0.0344/6)=19.6, p=4.45·10 −3 (multiple linear regression). In the sequential observation, T. liratum continued to close their valves for 19.4 h in the beginning of exposure to salinities 6.8-13.6 psu at 24°C, but intermittently opened the valves afterward. Clearance rates were lower at lower salinities and temperature (Fig. 5) . Clearance rates were approximately 0 mL min −1 g −1 for salinities <20 psu at each temperature. The average clearance rates across the different salinities were lower at 12°C (16.2 mL min
) than at 24°C (30.3 mL min
). Clearance rates were not significantly affected by the interaction between salinity and Fig. 1 . Results for the gradual-salinity-decrease run in the survival experiments. The X and Y-axes show the salinity and water temperature, respectively, to which each experimental specimen was finally exposed. Open circles indicate the specimens judged as living at the end of the run; closed circles indicate the specimens judged as living in the post-experiment check; and a cross indicates the specimen judged as dead in the post-experiment check. Fig. 2 . Results for the rapid-salinity-decrease run of the survival experiments. The X and Y-axes show the salinity and water temperature, respectively, to which each experimental specimen was finally exposed. Closed circles indicate the specimens judged as living in the post-experiment check; and a cross indicates the specimen judged as dead in the post-experiment check. Respiration rates were lower at lower salinities (Fig. 6 ). Mean respiration rates for salinities <20 psu (≈0 mg O 2 min −1 g −1 for at each temperature) were lower than those for salinities >30 psu (≈0.01 and 0.02 mg O 2 min −1 g −1 for 12 and 24°C, respectively).
Respiration rates were significantly affected by an interaction between salinity and temperature: F=(83.5/1)/ (234/14)=5.00, p=0.0422 (multiple linear regression). In separate linear regressions, the effect of salinity was significant at each temperature: F=(1.09/1)/(0.352/7)=21.7, p=2.30·10 
Discussion
Tolerance to decreases in salinity
The survival experiments demonstrated the high tolerance of Trapezium liratum to decreased salinity: T. liratum survived for ≥120 h even after seawater had been replaced with freshwater. The tolerance of T. liratum is likely adaptive in its habitat where salinity often decreases sharply. Salinity varies from 31 to 1 psu in the Ariake Sea (Table  1) . T. liratum occurs in not only the subtidal zone, but also the intertidal zone, with its shells attached to bare rocks (Okutani 2000) , which are exposed to low-salinity water such as rain and terrestrial runoff. Some local populations of T. liratum experience sharp fluctuations in salinity (>20 psu; Table 1 ) in a year, and this also suggests its high potential to tolerate decreases in salinity. Similar tolerance to decreased salinity has been reported in bivalve species inhabiting shallow seas and estuaries: Mytella charruana (Yuan et al. 2010) , Macoma balthica (Jansen et al. 2009 ), Austrovenus stutchburyi, Paphies australis (McLeod & Wing 2008) , and Corbula gibba (Holmes & Miller 2006) .
Most T. liratum survived, regardless of whether salinity was decreased gradually or rapidly. Such tolerance may be attributed to its ability to close its valves just after decreases in salinity (Fig. 4) , which is likely to alleviate the shock of salinity decreases at various tempos. The tolerance of ) of Trapezium liratum specimens at 12 and 24°C under different salinities. ) of Trapezium liratum specimens at 12 and 24°C under different salinities.
T. liratum to various rates of salinity decreases is likely adaptive in its habitat. In an intertidal habitat in the Ariake Sea, the environmental salinity decreases at various rates: from 31 to 1 psu seasonally (Table 1) ; from >25 psu to <5 psu within a day (Fisheries Research Agency & Saga University 2012); and presumably from ≈30 psu to ≈0 psu within several hours owing to rain. Mytella charruana, an estuarine bivalve species, are also found to survive well, regardless of the rates of salinity decreases (Yuan et al. 2010 ): its survival rates were >90%, 5 d after salinity had been decreased either gradually or rapidly from 10-31 psu to 5 psu.
The acclimation salinities in the present experiments are in themselves unlikely to lead to an overestimation of the tolerance of T. liratum to decreased salinity in its habitat, the Ariake Sea. The acclimation salinities (33 to 34 psu) for T. liratum preceding each experiment were higher than the salinities in the Ariake Sea (<31 psu; Table 1 ). That is, the reductions from the acclimation salinities to an experimental salinity were greater than the reductions from the habitat-specific salinities to the experimental salinity. Consequently, T. liratum specimens are likely to have undergone higher stress levels in the present experiments than in their original habitat, at least in terms of osmoregulation (Shumway et al. 1977) .
In contrast to the acclimation salinities, the water temperatures set in the present experiments might lead to an overestimation of the tolerance of T. liratum to decreased salinity in the Ariake Sea. The highest water temperature prepared was 24°C in the present experiments, whereas it often exceeds 24°C in the Ariake Sea in July and August (Fisheries Research Agency & Saga University 2012). Since higher water temperatures probably strengthen the adverse effects of decreased salinity on bivalves (Hutchinson & Hawkins 1997 ; see also the following discussion), T. liratum in the Ariake Sea might experience greater stresses due to decreased salinities in July and August. Therefore, the inference about its tolerance against decreased salinities should be confined to cooler seasons in the Ariake Sea.
Behavioral responses to decreases in salinity
The possible mechanisms allowing tolerance against decreased salinity include valve closure and regulation of osmotic pressure in soft tissue cells (Shumway et al. 1977 , Gosling 2003 . Trapezium liratum exposed to decreased salinity were found to adopt valve closure at least: most specimens showed a 0% valve opening for salinities <15 psu in all the experiments. This behavior translates into the cessation of water filtration, as reflected in the measurements of clearance rates. The stop of water filtration would prevent hyposaline water from infiltrating and hurting the soft tissue cells of T. liratum (Kraeuter & Castagna 2001 , Gosling 2003 .
Concomitantly, however, valve closure also involves stopping the supply of oxygen and food. This phenomenon has been confirmed in many bivalve species (e.g., Ortmann & Grieshaber 2003 , Anestis et al. 2007 ). This is also exhibited in T. liratum, which showed ≈0 respiration and phytoplankton clearance rates with valve closure at low salinities (<15 psu). The cessation of oxygen and food supply would translate into hypoxia and malnutrition (Ortmann & Grieshaber 2003 , Anestis et al. 2007 ). Indeed, on termination of the survival experiments, it was difficult to judge the survival/death of T. liratum that had been exposed to the low salinities that led to valve closure (<15 psu, approximately). This suggests a possibility that valve closure weakened T. liratum.
Hypoxia and malnutrition due to valve closure would be more serious for specimens that have a higher metabolism and thus, need more oxygen and nutrients. This is suggested from previous experiments on the brown mussel Perna perna (Hicks & McMahon 2005 ). The mussels maintained in hypoxic water showed lower survival at higher water temperatures, which is linked to a higher metabolism and oxygen demand (Hicks & McMahon 2005) .
A similar notion possibly fits the present study. In low salinities (<15 psu) T. liratum specimens died at the higher water temperature (24°C) but not at the lower water temperature (12°C). At the higher temperature, T. liratum specimens were likely to have a higher metabolism, as indicated from the higher clearance and respiration rates (at least for >30 psu). This follows the general trend that animals (Schmidt-Nielsen 1997), including bivalves (Kraeuter & Castagna 2001 , Gosling 2003 , increase their metabolism as the ambient temperature increases within a temperature range of the suitable habitat. The experimental temperatures, 12 and 24°C, were well within the temperature range of T. liratum s habitat (1.1 to 35.4°C; Table 1 ). Therefore, it is possible that at the higher temperature, T. liratum specimens needed more oxygen and nutrient, so that they were unable to endure the cessation of the supply of these resources associated with valve closure. This notion should be reconfirmed in a more extensive experiment because only a few specimens died at the higher temperature in the present experiments (n=2 in total).
Behavioral differences in T. liratum at the different salinities were often greater at the higher water temperature, 24°C, than at the lower temperature, 12°C. That is, the valve opening percentages in the sequential observation and respiration rates had steeper slopes for the regression lines against salinity at 24°C than at 12°C. In addition, the differences in clearance rates between salinities <20 psu and >20 psu were somewhat greater at 24°C than at 12°C. Such salinity-temperature interactions for the behaviors of T. liratum can be explained as follows: (a) T. liratum exposed to very low salinities would close its valves at any temperature to avoid extremely different osmotic pressures inside and outside its soft tissue. The bivalve would thereby stop the clearance of water and oxygen consumption. (b) On the other hand, T. liratum exposed to optimal salinities would be able to open its valves. The bivalve would then increase the frequency of valve opening, clearance rate, and respiration rate at higher water temperatures according to its higher metabolism. (c) The situations (a) and (b) would lead to a situation where behavioral differences among bivalves at different salinities are greater at higher water temperatures.
The above discussion is focused on the notion that T. liratum utilizes valve closure to overcome decreased salinity. The discussion does not, however, deny the possibility that T. liratum changes the osmotic pressure of its soft tissue cells to overcome decreased salinity. The possibility is indicated from previous experiments: most of the bivalve species exposed to decreased salinity are found to gradually reduce the osmotic pressure of their cells in correlation with decreases in ambient salinity (Bayne et al. 1976 , Shumway et al. 1977 , Gosling 2003 . Some of these species are found to continue to close their valves at the beginning of exposure to hyposaline water and then begin to intermittently open the valves to reduce the osmotic pressure of their cells (Funakoshi et al. 1988 , Matsuda et al. 2008 . Similarly, T. liratum continued to close its valves for 19.4 h in the beginning of exposure to salinities 6.8-13.6 psu at 24°C and intermittently opened its valves afterward (Fig.  4) . How the T. liratum specimens showing such behavior changed the osmotic pressure of their cells should be studied in future.
Suggestions for applications
Trapezium liratum is a potential target of aquaculture in Japan (Kiyokawa 2013) . A hurdle for its aquaculture is the abundant sessile organisms that settle on the rearing equipment and T. liratum shells (Kiyokawa 2013 ). The problem is possibly alleviated taking advantage of the tolerance of T. liratum to decreased salinity: it may be effective to soak the equipment with T. liratum in hyposaline water for several days. This can cause the die-off and reduction of some sessile organisms, including tube-forming annelids (Park et al. 1988 ) and flatworms (Tanaka & Fujiwara 2000) .
